The realistic simulation of variable star populations is fundamental to determine the selection function and contamination in existing and upcoming multi-epoch surveys. We present ELLISA, a simulator that produces an ensemble of mock light curves for a population of eclipsing binaries obtained from physical and orbital parameters consistent with different galactic populations, and which considers user-supplied time sampling and photometric errors to represent any given survey. We carried out a search for eclipsing binaries in the QUEST low-galactic latitude catalogue of variable stars, spanning an area of 476 sq. deg at −25
• and 190
• l 230
• towards the galactic anti-centre, and use ELLISA to characterise the completeness of the resulting catalogue in terms of amplitudes and periods of variation as well as eclipsing binary type. The resulting catalogue consists of 1, 125 eclipsing binaries, out of which 179, 60 and 886 are EA, EB and EW types respectively. We estimate, on average, 30% completeness in the period range 0.25 P/d 1 for EB+EW binaries and 15% completeness for EA binaries with periods 2 P/d 10, being the time sampling the primary factor determining the completeness of each type of eclipsing binary. This is one of few eclipsing binary catalogues reported with an estimate of the selection function. Mock eclipsing binary light curve libraries produced with ELLISA can be used to estimate the selection function and optimise eclipsing binary searches in upcoming multi-epoch surveys such as Gaia, the Panoramic Survey Telescope and Rapid Response System, the Zwicky Transient Factory or the Large Synoptic Survey Telescope.
INTRODUCTION
Eclipsing binaries are widely recognised for their importance in different astrophysical areas. In variability surveys, they are usually the most abundant type of variable star, particularly at low Galactic latitude. Although the specific proportions depend on each survey's depth, cadence and area probed (particularly galactic latitude), in the All Sky Automated Survey (ASAS, Pojmanski 1997) and Catalina RealTime Transient Survey (Drake et al. 2014a , CRTS,) they amount to 25% and 58% percent of all variable stars respectively.
Eclipsing contact binaries or W-UMa type variables (EWs), in particular, follow a Period-Luminosity-Colour relation (Rucinski 1994; Rucinski & Duerbeck 1997) , which implies they can serve as standard candles for distance measurements (Rucinski 1996) . The latest estimates give an error of ±0.25 mag in distance modulus for these stars, which corresponds to a distance uncertainty of ∼ 12% (Rucinski 2004) . Although significantly fainter (MV > 2) than other, more traditional, standard candles such as RR Lyraes (MV ∼ +0.6) and Cepheids (MV < −2), EWs are numerous and ubiquitous as they trace populations of any age and metallicity. The advent of deep all-sky multi-epoch surveys such as Gaia, the Panoramic Survey Telescope and Rapid Response System (PanSTARRS), the Zwicky Transient Fac-tory (ZTF) or the Large Synoptic Survey Telescope (LSST) (Gaia Collaboration et al. 2017; Kaiser et al. 2010; Ivezić 2010; Smith et al. 2014) , together with the first 3D extinction maps (Sale et al. 2014; Green et al. 2015) , will open up the opportunity to use EWs as tracers of Galactic structure for the first time. For example, Gaia will be capable of observing an MV = 3 EW star up to ∼ 30 kpc without extinction, or up to ∼ 15 kpc with AV = 1, effectively probing a considerable volume of the Galactic Disc and inner Halo.
Numerous works have shown many potential uses for standard candles as probes of Galactic structure, e.g. to discover and trace stellar overdensities, clouds and tidal streams (e.g. Vivas & Zinn 2006; Sesar et al. 2010b; Baker & Willman 2015) , trace radial and vertical metallicity gradients (Luck et al. 2006) and to measure the density profiles of different Galactic components (e.g. Brown et al. 2008; Vivas & Zinn 2006; Sesar et al. 2010a; Cohen et al. 2017 ). However, for any tracer catalogue to be useful for studies of the Galactic density profiles, a thorough understanding of its completeness is required, which needs to be estimated through simulations. In RR Lyrae surveys, light curve simulations have been done extensively to model the survey completeness. Vivas et al. (2004) ; Miceli et al. (2008) ; Mateu et al. (2012, hereafter M12) ; Sesar et al. (2017) , for example, produce synthetic light curve catalogues for a population of mock RR Lyrae stars, which are then run through the period-finding and RR Lyrae identification algorithms used to characterise the survey's completeness by looking at the fraction of recovered stars as a function of different parameters, such as magnitude, amplitude and number of observations. This completeness in the identification of RR Lyrae stars can range from ∼ 60% in the SEKBO and Catalina surveys (Keller et al. 2008; Drake et al. 2013; Torrealba et al. 2015) to as high as > 90% in LONEOS, SDSS Stripe 82, PS1 or QUEST (Sesar et al. 2010b Vivas et al. 2004, M12) . Estimates such as these, however, have not been provided to date for eclipsing binary surveys.
The fact that eclipsing binaries are the most common type of variable star also means they are a very common contaminant in surveys for other types of variables. EWs are frequent contaminants of RRc and Delta Scuti surveys (e.g. Vivas et al. 2004; Kinman & Brown 2010, M12) . Their light curve period ranges are similar (from a few hours to 1.5 d), and when time sampling is irregular and observations sparse, the light curve shapes can be difficult to tell apart and period aliasing can be a source of confusion.
Although currently many codes exist to simulate eclipsing binary light curves, such as NightFall (Wichmann 2011 ), Wilson-Devinney (WD, Wilson & Devinney 1971 and EBOP (Eclipsing Binary Orbit Program, Etzel 1981) , these are oriented towards simulating light curves for individual binary systems in great detail. However, as a population, eclipsing binary light curves are difficult to model because stars in almost any two evolutionary stages can be part of a binary system and the proportions of the different types of stars paired have to be modelled consistently with the initial mass function and star formation history of the population, and the effects of mass transfer on the stellar evolution of each component (see e.g. Hernández-Pérez & Bruzual 2013) . Prša et al. (2011) approached this problem to estimate the eclipsing binary yield of LSST by simulating a library of eclipsing binary light curves with physical and orbital parameters drawn at random from a set of given distributions, which were then fed into PHOEBE , a code based on WD.
Our goal in this work was, therefore, to develop a tool to simulate light curves for populations of eclipsing binaries. ELLISA (Eclipsing binary Light curve LIbrary SimulAtor), is based on stellar population synthesis models (Hernández-Pérez & Bruzual 2013) to produce binary systems with physical characteristics and in numbers consistent with the parent stellar population, and reproducing the observational characteristics of a given survey: time sampling, typical photometric errors in each filter, bright and faint magnitude limits, and so on (Section 2). The light curve catalogues simulated with ELLISA will allow characterizing the completeness and possible biases of any eclipsing binary search, serve as benchmarks for the optimization of eclipsing binary observing strategies and search algorithms, and provide estimates of the expected levels of contamination of searches for other types of variable stars. Finally, we use the QUEST low latitude catalogue of variable stars (M12) as a case study, and implement ELLISA to guide the search and characterise the completeness of the resulting eclipsing binary catalogue. The ELLISA code is publicly available at a GitHub repository 1 . This paper is organized as follows: Section 2 describes the ELLISA code, which is used to generate a mock catalogue to guide the search for eclipsing binaries in the QUEST catalogue of variable stars described in Section 3. Using the ELLISA mock catalogue, the completeness of the catalogue obtained is characterised in Section 4 as a function of amplitude, magnitude and spatial distribution, for each eclipsing binary type. Section 5 contains summary and conclusions.
ELLISA: ECLIPSING BINARY LIGHT CURVE LIBRARY SIMULATOR
The goal of the ELLISA simulator is to generate a library of synthetic multi-filter light curves for a population of eclipsing binaries, reproducing the time sampling and photometric errors representative of the survey the user wants to simulate. This makes it possible to generate a synthetic library that mimics the way we would observe a population of eclipsing binaries with an arbitrary instrument and time sampling. ELLISA is made publicly available as a Python stand-alone code and library at a GitHub repository 1 . The code's structure is shown in Figure 1 , where user inputs are shown with squares, subroutines used by ELLISA are shown in circles and the outputs produced are shown with rhombuses. The overall process is as follows. The user supplies ELLISA the stellar population type, filter set and number of binary systems to simulate. This data is used by a routine that works as a wrapper for the binary stellar population synthesis code HB13 by Hernández-Pérez & Bruzual (2013) , which simulates a synthetic population of binary systems at zero-age of a simple stellar population (SSP), calculates its stellar evolution according to the selected initial mass function, and returns the physical pa- rameters, magnitudes and colours of the individual stars in the binary population. From these parameters the type of eclipsing binary (EW,EB and EA) is identified and, for each filter, light curve parameters -eclipse amplitudes, colours, maximum light magnitudes-are computed using the widely known code PHOEBE . Then the observation process is simulated by sampling the light curve in the specific epochs given in the input time sampling, and the photometric errors and observation limits are simulated based on the (user-supplied) survey characteristics. Finally, the simulator returns the time series containing the magnitudes, photometric errors and observation dates for each binary system, in each filter selected by the user. In what follows we describe in detail each of these steps.
Simulation of Physical Parameters of Binaries using HB13
In this part, ELLISA uses the HB13 code from (Hernández-Pérez & Bruzual 2013) to generate the physical and orbital parameters -masses, separations, effective temperature, etc.
-of the binary population, consistently with the stellar evolution of the population being simulated. HB13 is a code developed by Hernández-Pérez & Bruzual (2013) that generates and follows the stellar evolution of an SSP, consisting of isolated stars and binary systems. This is implemented as a Fortran code, bundled and run inside ELLISA through a Python wrapper subroutine. Here we summarise the procedures followed by HB13, and we refer the reader to Hernández-Pérez & Bruzual (2013) for further details.
Stellar population selection
The wrapper subroutine allows simulating predefined simple and composite stellar populations. In its current version, ELLISA allows the user to choose one of the following options, tailored to resemble the main Galactic components: Halo type, Bulge type, Thick disc type, Thin disc type.
The ages and metallicities used for the preset populations were chosen following (Robin et al. 2012, their Table  1 ). The Halo, Bulge and Thick Disc populations are simulated using SSPs, and the extended star formation history of the Thin Disc is simulated using 7 SSPs with ages between 100 Myr to 10 Gyr and metallicities between -0.12 dex and 0.01 dex, given by Robin et al. (2012) . These SSPs are combined in equal proportions (by number) for each age bin, so as to approximately reproduce the star formation history of the Thin Disc with the local density reported by Robin et al. (2012) for each age bin.
Initial Physical and Orbital Parameters The physical and orbital parameters are simulated for the binary population at zero-age, as follows:
• Stellar masses (M1) are randomly drawn from a Chabrier (2003) Initial Mass Function ranging from 0.1M to 100M , parametrized as a log-normal distribution with characteristic mass log mc = 0.08 and variance σ 2 =< (log m− < log m >) 2 >= 0.47. • For each potential primary star, a binary probability is drawn at random as a function of the spectral type, based on the compilation by Lada (2006) summarized in Table 1 . This reproduces the larger binary probability observed for more massive stars. It is important to stress that these correspond to binary fractions at zero age, which change as the stellar population evolves and the stellar evolution under the effects of mass transfer is taken into account. For example, the fraction of F-G primary stars in binaries changes from 13.7% at zero-age to 8.6% at 10 Gyr.
• For the stars randomly assigned to binary systems in the previous step, secondary masses are computed from a mass ratio q drawn at random from a uniform distribution ranging from 0 to 1. Reggiani et al. (2011) and Reggiani & Meyer (2013) find that distribution of mass ratios is consistent with being uniform (dN/dq = q 0.25±0.29 ) in the Galactic field, as well as in many star forming regions. They also find the mass ratio distribution to be independent of the binary separation.
• Orbital periods are drawn at random from the Duquennoy & Mayor (1991) log-normal distribution with mean logperiod log P (d) = 4.4 and standard deviation σ log P = 2.3. Orbital semi-major axes are computed from Kepler's Third Law GM a −3 = 4π 2 P −2 .
• Initial orbital eccentricities are randomly drawn from a uniform distribution ranging from 0 to 1.
Binary Evolution
Having generated the orbital and physical parameters, the next step is to follow the stellar evolution of each binary system. HB13 uses the Hurley et al. (2002) evolutionary tracks in order to follow the evolution of each binary, taking into account the degree of mass transfer in each evolutionary stage, based on the stellar masses and radii, and the orbital parameters of the system. The evolutionary stages followed go from the zero-age main sequence to the remnant stages (black hole, neutron star or white dwarf) for stars with initial masses ranging from 0.1 to a 100 M and metallicities from Z=0.0004 to Z=0.01. In addition, to cover evolutionary aspects of He white dwarf stars with collisions considered by Hurley et al. (2002) as destroyed systems, Hernández-Pérez & Bruzual (2013) use the model proposed by Han et al. (2002) which assumes Extreme Horizontal Branch stars (EHB) are formed through this channel. The isochrones used in the model are built from the evolutionary tracks described in Hernández-Pérez & Bruzual (2013) .
The Hurley et al. evolutionary tracks code allows computing the evolution of a binary system at any age, returning the temperature and luminosity for each star in the binary. Absolute magnitudes are computed using the BaSeL 3.1 (Westera et al. 2002) spectral library. Currently the photometric systems available are Johnson-Cousins (UBVRI-JHK), SDSS (ugriz ) and HST (F814W, F775W, F625W, F606W, F555W, F445W, F435W, F410W, F330W, F250W, F220W) .
Calculation of light curve parameters using PHOEBE
Having generated the physical and orbital parameters for the binaries, ELLISA goes on to determine the light curve parameters (primary and secondary eclipse amplitudes, maximum light magnitude) corresponding to each system of the Python implementation capabilities. We make use of the LC PHOEBE feature which employs the LC WD's program to generate the light curve based on the binary's physical and orbital parameters. For this work we use the PHOEBE functionality for contact and detached systems. Therefore, two types of models are used to simulate the shapes of the eclipsing binary light curves: one for detached or Algol type, which hereinafter will be referred as EA systems, and another for semi-detached (βLyrae) or contact (WUMa) systems, which in what follows will be referred as EB+EW systems (following the notation of the GCVS -General Catalog of Variable Stars Samus et al. 2009 ). The first step is to figure out whether the system is completely detached or not. For this, we follow Eggleton (2006) and for each binary we compute the critical period Pcrit, i.e. the shortest period that a system with a certain mass ratio should have to make mass transfer events possible without overflowing its Roche lobe. According to Eggleton (2006) (their Eq. 3.10) the critical period is given by
where M1 and R denote the mass and radius of the primary and q the system's mass ratio.
Through this criterion, we will separate the systems generated by HB13 into two blocks. The first group is constituted by EA systems whose separation is large enough to prevent mass transfer. A binary is of EA type if it has a period P < Pcrit. The second, and complementary group, contains those systems with one or the two stars transferring mass to its companion, which correspond in this case to EB or EW light curves.
In order to shape the light curve on its entirety, given its type, the following orbital parameters are passed to PHOEBE to perform the orbit calculation: • Initial inclination angle i of the orbital plane for each system, randomly drawn from a cos(i), i ∈ [0, π] distribution (see e.g. Arenou 2011 ). The range of inclination angles in which a given binary will be detected as eclipsing is given by equation 2. This holds for EA, EW and EB systems. For shorter semi-major axes the range of inclination values is larger as we can see in Figure 2 a cos(i) < R1 + R2.
(2)
• Eccentricity, period and semi-major axis distributions, given by HB13.
• Synchronicity parameter which is the ratio between rotation and orbital angular velocity, follows equation 3 when differential rotation is neglected
where is the orbital eccentricity.
• Argument of the periastron, randomly drawn from a uniform distribution in the range [0, 2π] Once the orbit is added to the simulated system, the stellar parameters are also passed to PHOEBE in order to obtain geometrical light curves parameters.
Limb darkening effects are included in every system computation and are given as function of the selected passband in the case of the WD feature or can be dynamically computed from predefined tables (See PHOEBE scientific reference for further details).
The light curves physical quantities are given in units of flux, computed from the given passband luminosities in the available passbands systems (Stromgren, Johnson, Gaia, Tycho, Kepler, Hipparcos, LSST, Cousins).
Apparent magnitudes At this point we transform the absolute magnitudes to apparent ones by adding a distance modulus. For this, the user selects a reference band in which the final distribution of mean apparent magnitudes will be uniform and limited at the bright and faint ends by the usersupplied saturation and limiting magnitudes, respectively. The apparent magnitude in the reference band is drawn at random from this uniform distribution and the corresponding distance modules is computed from the simulated absolute magnitude. This distance modulus is used to transform the magnitudes in the remaining bands from absolute to apparent. Finally, observations outside the (user-supplied) saturation and limiting magnitudes of each band are discarded.
Time sampling and photometric errors
The next step is to simulate the observation process, reproducing the time sampling, photometric errors and bright and faint limits of the survey for all the filters.
Time sampling The time sampling is generated by ELLISA based on user-supplied files containing the heliocentric julian dates (HJDs) of the observations in each filter.
The (error-free) magnitude m is obtained by evaluating the light curve template for each filter F at the phase φ 
where t F i is the HJD of the i-th observation in the F filter, P is the light curve period and φ off is the phase shift. The phase shift φ off is randomly drawn from a uniform distribution in the range φ off ∈ [0, 1). The phase-offset is filter-independent and it is taken as the phase in which the primary eclipse occurs.
Photometric errors The photometric errors are simulated as a function of magnitude, based on user-supplied error versus magnitude curves characteristic of the survey that is being simulated. As an example, Figure 3 shows error versus magnitude curves for the QUEST survey in the VRI filters. These curves represent the mean standard deviation σ (in magnitudes) of non-variable stars per magnitude bin (Vivas et al. 2004, M12) . The error bars are indicative of the actual dispersion of multiple measurements for nonvariable stars at each magnitude bin, which we call δ, and represents the dispersion of the photometric error σ at that magnitude. The curves in Figure 3 were computed for the QUEST low-latitude catalogue of variable stars (M12).
The error-convolved magnitude is thus computed as mi = m F0 i + ∆m F i , where ∆m F i is a random number drawn from a gaussian distribution G(0, σ) with zero-mean and standard deviation σ, which is, in turn, drawn from a gaussian G(0, δ) with zero-mean and standard deviation δ. Finally, error-convolved magnitudes outside the user-supplied bright and faint limits of the survey are discarded. The ELLISA code takes approximately 40 minutes to run in an Intel Xeon(R) CPU E5-2620 v3 2.9GHz x24, to produce a light curve library for 1,000 eclipsing binaries.
Comparison of the ELLISA period distribution with Kepler
Here we compare the period distribution obtained by EL-LISA with that from the Catalogue of Eclipsing Binaries (Kirk et al. 2016 ) from the Kepler mission. The Kepler catalogue was produced based on the very high number of observations of the Kepler mission, acquired during a long baseline, so it is a very homogeneous and complete survey of eclipsing binaries and is not expected to be significantly affected by observational biases, making a good reference for comparison. Figure 5 shows the period distribution for an ELLISA simulation of eclipsing binaries in a Thin Disc population, compared to the Kepler distribution. The initial distribution assumed as an ingredient of HB13 in the ELLISA simulation is also shown (dotted) and corresponds to the period distribution of the full binary population at zero-age (see Section 2.1). By contrast, the distribution shown for EL-LISA corresponds only to the binaries that, at the selected age of the population, turn out to be eclipsing (based on the criterion described in Section 2.2). There are some clear differences between the ELLISA and Kepler period distributions, although the shape is similar overall. At the shortperiod end, there is a sharp drop off at ∼ 0.1 d while in the Kepler distribution, which happens at a slightly lower period in ELLISA ∼ 0.02 − 0.03 d. At the long-period end, the drop-off is much shallower in Kepler and while the ELLISA distribution falls-off rapidly at periods larger than ∼ 10 d. This more notable difference is probably due to the criteria used to decide when a binary is eclipsing or not. Some of this differences also might stem from the choice of initial Figure 4 . Simulated QUEST VRI light curves: EW system (upper panels), EB system (middle panels) and EA system (bottom panels) with very dense (left panels) and very sparse (right panels) time sampling .
period distribution made in HB13. In the future we plan to explore different initial assumptions for some of the zero-age orbital parameters and possible introduce distributions that consider joint dependencies (e.g. Moe & Di Stefano 2017) . For the time being, since this modifications are beyond the scope of this work, we caution the reader that the use of ELLISA be better restricted to simulating eclipsing binaries with periods 15 d.
THE SEARCH FOR ECLIPSING BINARIES IN THE QUEST LOW-LATITUDE CATALOGUE OF VARIABLE STARS
In what follows we identify candidate variables in the QUEST low-latitude survey and, over the sample of candidates, we conduct a period search using the available filters simultaneously and identifying possible spurious periods.
To characterise the completeness of the variable stars identification, we use ELLISA to generate a mock catalogue to mimic the time sampling and photometric errors of the QUEST survey. We search for candidate variables and de- termine the fraction of recovered variables using the same technique in terms of apparent magnitude and amplitude.
The QUEST low-latitude survey
In this work we make use of the QUEST variability survey at low galactic latitude from M12. This catalogue spans a total area of 476 deg 2 with 6,513,705 point sources and consists of multi-epoch observations in the VRI filters obtained fully with the Jürgen Stock Schmidt telescope and the QUEST-I camera (Baltay et al. 2002) at the National Astronomical Observatory in Llano del Hato, Mérida, Venezuela. The observations correspond to a low Galactic latitude zone in the range −25
• approximately in direction towards the Galactic anti-centre 190
• . The time sampling of the survey is quite inhomogeneous as it comprises observations from many different projects with different scientific goals, and spans observations obtained between November 1998 and June 2006. Each star was typically observed once in any given night, with some exceptions of areas surveyed more than once (e.g. around McNeil's nebula in Orion). The typical number of epochs per star is ∼ 30 in V,R and ∼ 25 I respectively, but these can range from ∼ 10 up to ∼ 120-115 depending on the area of the sky (see Figure 5 in M12 and Figure 6 in Section 3.2).
The saturation magnitudes Msat are 14.0 mag for V and R and 13.5 mag for I, the limiting magnitudes M lim are 19.7 mag for V and R and 18.8 mag for I and the completeness magnitudes Mcom are 18.5 mag for filters V and R and 18.0 mag for filter I. For full details of the survey we refer the reader to M12.
The ELLISA-QUEST Mock Light Curve Catalogue
Here we describe the catalogue of synthetic light curves produced with ELLISA to mimic QUEST, which is later used to fine-tune the variable star selection thresholds and period search parameters used in the search for eclipsing binaries. First we randomly select > 300, 000 of the stars (5%) out of the M12 QUEST catalogue, in order to use the time sampling of each one as an input for ELLISA. This way we can have a simulation with a time sampling in the VRI bands that is representative of the whole survey and that reproduces the different cadence and number of observations across the survey area. For the QUEST M12 survey, this a particularly important point since the time sampling and number of observations per filter is very inhomogeneous across the survey.
The mock light curve catalogue was simulated within the saturation and completeness limits quoted in the previous section for the QUEST survey. Error versus magnitude curves were used as a function of the location in the survey footprint, computed by M12 subdividing the whole catalogue in stripes of 1h in right ascension by 0.
• 55 in declination, allowing to take into account the effect of the changing number of observations per object per filter on the photometric error in different survey regions. Figure 6 illustrates the number of observations per filter in a map in equatorial coordinates.
The ELLISA-QUEST Mock Light Curve Catalogue was produced using the simulator described in Section 2, assuming a Thin-Disc-like population. This is a reasonable assumption as the M12 QUEST survey is concentrated at low galactic latitudes (|b| < 30
• ) where the population is expected to be dominated by the Galactic Thin Disc. In any case, at such old ages ( 8-9 Gyr), the overall binary properties change very little with age. So, including a ThickDisc-like population would be equivalent to giving a slightly larger weight to the old Thin Disc population and should not produce very significant changes.
The synthetic light curve catalogue produced containing a total of 307,935 binaries, of which 206,313 are EA systems and 101,622 EB+EW systems. The period and V band amplitude distributions are shown in the upper and lower panels of Figure 7 , respectively. As expected, EA systems dominate the distribution at large periods. It is interesting to note that, in the amplitude distribution, EB+EW systems dominate at large values (> 1 mag). This is due to the presence of EW systems composed of massive Main Sequence star pairs, in which stars have large radii (> few R ), common in young populations present in our Disc-like mock population. These binaries are largely absent in old ThickDisc-like or Halo-like populations (except, e.g., for cases that produce Blue Straggler stars).
The mock catalogue with VRI synthetic light curves is publicly available at the GitHub repository
3 . In what follows we will use this synthetic or mock light curve catalogue to guide parameters used in the search for eclipsing binaries and to characterise the completeness of the samples at various stages of the identification process. 
Variable star identification
The first step in the search for eclipsing binaries is to identify stars exhibiting photometric variability. To identify variable stars we used the M12 extension of the variability indices defined by Stetson (1996) . These indices use the fact that the variability in two different photometric passbands must be positively correlated for most known types of variable stars. In the M12 catalogue, the three possible Stetson L indices LVR, LVI and LRI are reported for each star.
Due to the inhomogeneous coverage of the survey, there are areas with very few observations in one or more filters, or even missing information in one filter altogether. Therefore, as in M12, we selected as variable stars those that meet the following criteria:
• LVR 1 or LVI 1 or LRI 1 • Observed amplitude 0.2 mag, at least for two filters • N obs 10, at least for two filters From the whole QUEST sample of 6,513,705 stars, using this criteria a total of 410,715 stars were selected as candidate variables. We also applied this methodology to the ELLISA-QUEST mock catalogue and 60,145 objects were selected as variable stars.
The period search
The search for eclipsing variables was conducted using the Lafler & Kinman (1965) method developed to identify light curve periods of variable stars. In this work we used the extension presented in M12 that allows the use of the multifilter data in the survey. This method chooses as the best period the one that makes the light curve look smooth when period-folded. For the purposes of this work, we proceed following M12 but adapted the range of the periods search to a wider one considering that the stars studied by M12 are RR Lyrae which have a shorter period range than eclipsing binaries. The period range chosen was from 0.04 d to 15 d, searched with an initial resolution of 10 −4 d, refining the best 5 periods with a resolution of 10 −7 d, and ending with the selection of the 3 best periods.
In addition to the period calculation, we computed the parameter Λ, a statistical significance parameter that describes how smooth the light curve is for a given trial period, compared to the median for all trial periods, in standard deviation units (N σ). M12 used a conservative threshold of Λ = 4 to search for RR Lyrae stars, i.e. stars for which a trial period was found to smooth the light curve at a 4σ statistical significance. After a visual inspection of a significant fraction of the sample, we observed that those light curves with values of Λ close to 4 were extremely noisy. Because of this, we selected a higher threshold and performed the visual inspection only for those curves with Λ 5, which resulted in a sample consisting of 10,020 initial candidates. Vivas et al. (2004) and M12 have shown that in the QUEST survey the period aliasing is frequent due to periodicities in the time sampling. Hence, we used the mock catalogue of eclipsing binaries to identify the most common period aliases affecting our survey.
Period aliases
According to Lafler & Kinman (1965) , the spurious periods Π follow the relation
with P the true period, k a rational number that produces the harmonics of P and p the external period present in the time sampling. M12 analysed the most frequent period aliases that affect the recovery of RR Lyrae stars in their survey. They found the most frequent one is the one-day alias and the less frequent aliases were the 1/3-day and 1/4-day aliases for RRab stars and for the RRc type the first harmonic of the true period and the 1/2-day alias. In this work we have repeated that analysis and summarise our results in Table 2 . In addition to the common period aliases found in M12, observe the presence of half the period harmonic aliases with k = 1 2
, as well as another very important locus represented by the 1/20-day (1.5 h) alias. This period alias is interesting as it is probably due to the repeated observations obtained as part of the CIDA variability survey of Orion around the McNeil nebula (Briceño et al. 2004) , which had precisely a 1.5 h cadence.
The most common aliases identified in this analysis were used in the visual inspection of the light curves during the search of eclipsing binaries in the real catalogue. Alias periods are reported wherever disambiguation was not possible.
The QUEST catalogue of Eclipsing binaries
The final identification of eclipsing binaries was made by visual inspection of the full sample of 10,020 initial candidates for which a statistically significant period (Λ 5) was found. The light curves were period-folded with the three best periods found, and the five most common period aliases identified in Section 3.4.1 were also checked for the best period selected.
Finally, we obtained 1,125 eclipsing binaries consisting 
Cross-match with public catalogues of variable stars
We cross-matched our 1125 Eclipsing Binaries candidates with the ASAS-3 catalogue (Pojmanski 1997) , the GCVS (Samus et al. 2009 ) and the Catalina Real-Time Transient Survey (CRTS) (Drake et al. 2014b ) with a tolerance of 7 arcsec. We found no coincidences with ASAS-3, and found 384 and 12 matches with CRTS and GCVS respectively. Out of the 384 matches with CRTS, shown in Table 5 , 298 stars are classified as EW, 1 as EB and 25 as EA in both catalogues. Of the 60 matches left, 31 stars are classified as EW in the QUEST catalogue having different classifications in the CRTS catalogue, being 2 EB, 3 EA, 9 RS CVn, 1 RRab, 14 RRc, 1 RRd and 1 Hump (erratic light curve); 19 stars classified as EB in the QUEST catalogue are reported as EA (1) and EW(18) stars in CRTS; and 10 stars classified as EA in the QUEST catalogue and classified as 1 EA with unknown period, 1 EB and 8 EW stars respectively in the CRTS catalogue. It should be noticed that 12 of the CRTS periods resulting from the cross-match are found to be inexact based on the light curve inspection as indicated by Drake et al. (2014b) . We found 180 stars having the same period we obtained in this work within a tolerance of 5%. These, as well as stars identified with a period alias are indicated in Table 5 . Looking at the most common period aliases for the The Table columns are: the identification number ID, right ascension RA and declination DEC (J2000), the number of observations in the VRI bands, the light curve period, amplitude of variation in each band, type of eclipsing binary and mean magnitudes in each band with the corresponding photometric error.
matched stars, we found 9 stars were recovered at half the period, 3 at twice the period and 1 three times the period. We also found 20 alias of 1-day, 5 of 1/3-day, 11 of 1/2-day and 4 of 1/4-day. Table 4 summarises the matches with GCVS. Out of the 12 matches, 4 stars don't have a computed period in GCVS and are classified there as one rapid irregular in a nebula (NN Ori), one rapid irregular (V1891 Ori), one red rapid irregular(V2678 Ori) and one UV Ceti (V0678 Ori). These stars were all classified in our catalogue as being EW.
Out of the 8 matches left, 6 were catalogued in GCVS as being RRc stars of which 1 is suspected to be alias of half the period (V0473 Hya), 2 alias of 1-day (V1867 Ori and V1845 Ori) and 3 alias of 1/2-day (V0497 Hya, V0485 Hya and V0944 Mon). These stars are kept in our final catalogue classified as EW type, since upon visual inspection the curves seem smooth and the amplitude of the eclipses similar for the different filters, as expected for EW binaries. Finally, the two stars left were classified in GCVS as a Delta Scuti with a suspected alias of 1 of 1/3-day (V2742 Ori), an a EW (V2769 Ori). These stars are classified in our catalogue as EWs. We retain their classifications as EW since the amplitudes for the three filters are very similar, although we caution that star 51082306 is near the faint limit of our survey (V = 17.6 at maximum light) and its light curve is noisy.
Our catalogue also overlaps partially with the van Eyken et al. (2011) eclipsing binaries catalogue from the Palomar Transient Factory (PTF) Orion Project. Out of their total of 82 binaries, we find 22 matching systems, with 16 of them classified as Close systems (C) which corresponds to EW+EB systems in our classification and 5 as Detached (D) which corresponds to our EA systems, in both catalogues, and 1 system classified in this work as EW and classified as EA system by van Eyken et al. (2011) . We found 9 period matches, an alias of 1-day and 1 alias of half the period.
We also cross-matched our catalogue with the T Tauri star catalogue from Karim et al. (2016) , since it is based on the QUEST low-galactic-latitude catalogue with additional observations made by the YETI project for some objects. We found 18 resulting matches, all classified in our catalogue as EW and as 2 Classical T Tauris (CTTS) and 16 weaklined T Tauris (WTTS) in Karim et al. (2016) . Data for these stars in Karim et al. (2016) catalogue are shown in Table 5 , were the identified period aliases are also reported. These matching objects could be potential T Tauri stars in binary systems. However, a more detailed analysis of the light curves would be warranted to confirm this since most are recovered here at twice the period, meaning that only one of the two variability causes is probably real. It is important to note, however, that the low fraction of matching objects on both catalogues, 8% of Karim et al.'s and <2% of ours, supports that a low degree of contamination or confusion is expected in either catalogue.
COMPLETENESS OF THE QUEST CATALOGUE OF ECLIPSING BINARIES
In order to analyse the completeness of the catalogue of eclipsing binaries produced, we used the procedure described in the previous sections to select variable stars and conduct the period search over the ELLISA-QUEST mock catalogue of eclipsing binary light curves. We considered as 'recovered' all synthetic variables for which the accumulated phase shift α due to the period misidentification is less than 20%, |α| < 0.2, where α is given by
where ∆T is the average duration of the time series, weighted by the number of observations in each filter. Figure 8 shows the resulting completeness as a function of the apparent V, R and I band magnitudes. The full sample of synthetic stars with recovered periods corresponds to the black circles. This is sub-divided into three sub-samples according to VRI band amplitudes: 0.2 Amp 0.5 (yellow triangles), 0.5 Amp 1 (red diamonds) and Amp 1 (blue squares). Note that, in this and the following figures, the curves represent the completeness or recovery fraction within each sub-sample, so the sum of curves for the different sub-samples is not equal to the curve for the combined sample.
For the three ranges selected, the plot shows the completeness decreases monotonically for fainter objects. Also, the recovery is systematically larger for stars in the intermediate-amplitude range, which is to be expected. Lower amplitude stars are more difficult to identify as variables and their periods more difficult to recover, due to the noisier data. Higher amplitude stars, on the other hand, are mostly EA binaries with very abruptly varying light curves for which the Lafler & Kinman (1965) method is not optimal, and which are often miss-identified as non-variables, given the difficulty to have well sampled eclipses. Also, note that in the two upper panels the mean completeness for the full sample is lower than for the three sub-samples. This is caused by the stars with data missing in one filter, or an observed amplitude < 0.2 mag, which are included in the search; this is because in the criteria defined in Section 3.3 we only required two out of the three amplitudes to be larger than 0.2 mag. Figure 9 shows the completeness as a function of period for each eclipsing binary type, for the full period range (top In this full long-period range going up to 10 d periods, the EA's completeness is on average 20% which is similar to EB+EW's with an average completeness between ∼ 5% and 35%. However, this trend is different in the bottom panel focused on periods shorter than 1 d. For this short periods, the EW+EB binaries are optimally recovered with completeness averaging ∼ 30% for periods larger than ∼ 0.3 d and, in contrast, EA's being recovered less than 5% on average. This confirms our expectation, based on results from the previous RR Lyrae surveys (Vivas et al. 2004, M12) , that EW+EB can be effectively identified with QUEST. The average completeness found for the identification of EB+EW's might seem lower in comparison to the QUEST results for RR Lyrae stars of type c, but this is due to the much more stringent recovery criterion used here in comparison to Vivas et al. (2004) and M12.
Figure 10 also illustrates the dependence of the average completeness, independently of the binary type, for the full sample with AmpV 0.2 mag (black circles) and in three amplitude ranges: short (yellow triangles), intermediate (red diamonds) and large (blue squares). These plots are representative of the behaviour for the R and I amplitudes as well, which are not shown for the sake of simplicity. This figure shows the dependence upon amplitude is not as strong as it is with type, shown in Figure 9 . Binaries in the intermediate amplitude range are slightly better recovered on average, but this is simply a consequence of the correlation of amplitude with period and type, i.e. at a given period the strong dependence shown with type in Figure 9 dominates the average completeness trend more than the amplitude does. This very strong correlation with the eclipsing binary type has to do with the light curve shape and the survey's time sampling: EW+EB's are easier to recover (<1 d) because of their smooth continuous light curves, as opposed to EA's sharper eclipses which are harder to sample. Therefore, the main factor that affects completeness is time sampling, rather than amplitude, which plays a secondary role. Figure 11 shows the completeness as a function of the spatial distribution of the QUEST low latitude survey. The two panels show the similar overall variations, mainly influenced by the number of available observations as a function of RA-DEC. In the outermost parts of the survey the completeness is lower than that observed for zones with −5
• DEC +5
• . The latter, like the zone at −2
• DEC 0
• and 60
• RA 80
• , have the lowest number of observations of the survey and also has no observations in R and I (see Figure. 6 ). On the other hand for the zone between −4
• DEC −2
• and RA 70 • the completeness is higher than for the previous zones. We observe that here the number of observations in the different filters is larger than the number for the previous region. Finally, the highest completeness belongs to the region between 1.5
• DEC 2
• and 70
• RA 90
• which has the larger number of observations for the three filters (typically > 100 observations per filter). We conclude that the completeness varies as a function of the number of observations available in each survey region, just as expected, since the fewer observations we have the worst sampled the curves will be, making the period recovery more difficult.
SUMMARY AND CONCLUSIONS
In this work we introduced ELLISA, a simulator that allows to generate a synthetic library of multi-filter light curves for a population of eclipsing binaries, from user-supplied time sampling and photometric errors. Mock eclipsing binary light curve catalogues produced with ELLISA can be used to test and optimise eclipsing binary searches in upcoming multi-epoch surveys, e.g. Gaia, PanSTARRS-1 or LSST, as well as to design observing strategies in future sur- veys, with a realistic light curve ensemble. They can also be used to simulate the contamination due to eclipsing binaries in searches for other types of variables, such as RR Lyrae or SX Phoenicis/δ Scuti stars. ELLISA is implemented in Python and is publicly available in a GitHub repository 5 . We have conducted an eclipsing binary search on the QUEST low latitude survey, and used ELLISA to guide and optimise search parameters for this particular survey, and to estimate the completeness of the resulting eclipsing binary catalogue as a function of binary type, apparent magnitude, period and amplitude. Our main results and conclusions are the following: Figure 9 . Completeness of the identification of eclipsing binaries in two period ranges: for the full period range explored (upper panel) and short periods < 1 d (bottom panel). In both panels the average completeness is shown for the full sample (black circles) and by type: EA (blue triangles) and EB+EW (red diamonds).
• We have identified 1,125 eclipsing binaries, out of which 707 are new discoveries, and consist of 139 EA (detached or Algol-type), 40 EB (semi-detached or βLyrae-type) and 528 EW (contact or WUMa-type) corresponding respectively to 20%, 5% and 75% of the catalogue.
• The coordinates and light curve parameters of the eclipsing binaries identified are summarised in Table 3 . The time series VRI data for the QUEST low latitude eclipsing binary catalogue is made publicly available at a GitHub repository 6 .
• EB+EW binaries are identified in QUEST with an average ∼ 30% completeness in the period range 0.25-1 d
• EAs are identified at an average 15% completeness in the period range 2-10 d.
• Time sampling density is the primary factor affecting which types of eclipsing binary can be recovered and with what average completeness, while amplitude plays a secondary role. AmpV(mag) 1.0 (red diamonds) and AmpV(mag) 1.0 (blue squares). The behaviour shown by these plots is also representative of that for the R and I filters (not shown).
• This constitutes one of the few catalogues of eclipsing binaries reported to date with a complete characterisation of its selection function, provided as the completeness (recovery fraction) as a function of period, amplitude and apparent magnitude.
Being standard candles, EWs can be used to trace Galactic substructure and identify possible new overdensities, streams or dwarf satellites, or to infer Halo and Disc's density profiles, provided the selection function is known, as has been done in numerous previous studies with other standard candles such as RR Lyrae or Red Clump stars (Bovy et al. 2016; Mateu & Vivas 2018; Miceli et al. 2008) . The EW catalogue presented here, particularly the highcompleteness short-period sample (0.25-1 d), can therefore be used in any of these applications, given the provided characterisation of the catalogue's selection function obtained with the ELLISA mock catalogues. 
